The interaction between a buried pipeline and surrounding soil during large ground displacements is typically simulated using numerical non-linear soil restraint springs aligned in three orthogonal directions with respect to the longitudinal axis of the pipeline. There are only very limited experimental data available to characterize the soil springs for simulating pipelines crossing reverse faults where large oblique soil displacements relative to the pipe could occur. Full-scale model testing was undertaken to evaluate this complex soil-pipe interaction problem. The tests simulated the performance of ~400-mm diameter (NPS 16) pipe specimens buried in moist sand and crushed limestone trench backfill. The peak normalized oblique soil restraint (N θ ) values for oblique pipe movement angles (θ), when θ = 0° (horizontal movement) and θ = 90° (vertical movement) estimated based on state-of-practice approaches were in agreement with those from full-scale testing. The value of N θ was found to be significantly dependent on the peak friction angle of soil (φ′ p ) when θ was closer 0°, whereas the N θ was less sensitive to φ′ p when θ was beyond about 35°. The theoretical values of N θ based on limit-equilibrium approaches compared well with the experimental findings.
Introduction
Buried pipeline systems, including oil and gas pipelines, form an important part of lifeline infrastructure and major disruption to the performance of these systems can result in undesirable impacts on businesses, economies, or the living conditions of society. Ground displacements related to slope movement, liquefaction-induced lateral spreading, and surface fault movement can lead to the development of significant strains in buried pipelines that are sufficient to cause loss of pressure integrity or interruption of normal service. Pipe burial depth, native and backfill soil properties, and the magnitude and direction of ground displacement directly influence the level of strain imposed on buried pipelines.
The numerical simulation of the response of buried pipelines to ground displacement involves nonlinear finite element analysis conducted in accordance with industry guidelines (e.g., Honegger and Nyman 2004; PRCI 2009) . In this approach, the pipeline is modelled with pipe elements, and the soil is modelled with three discrete independent non-linear springs at each node that represent the soil restraint in three orthogonal directions: vertical, axial, and horizontal. The definition of soil restraint as a function of relative displacement between the pipeline and the soil is generally taken to have a constant value after reaching the maximum. Relationships defining soil restraint have been developed mainly based upon the experimental results from tests on anchors and pipes, as well as some analytical approaches and numerical models that have been conducted to study the effect of transverse horizontal and longitudinal axial ground movement on pipes. Except for a few experimental (mostly small-scale), analytical, and numerical studies that have been reported (Audibert and Nyman 1977; Nyman 1984; Trautmann and O'Rourke 1985; Paulin et al. 1998; Guo 2005; Prisco and Galli 2006; Hsu 1996 , CCORE 2008 , Wijewickreme et al. 2009 Daiyan et al. 2010) , comprehensive experimental data to characterize soil restraint versus pipe displacement are relatively scarce in the published technical literature.
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The numerical simulation methodology cited above is generally conservative (or overestimates the resulting strain in the pipeline) in cases for which a reduction in pipe strength is not likely and in cases where the soil restraint is likely to be reduced at large relative displacements between the pipe and the soil. With the exception of situations with a large vertical component of ground displacement, the level of conservatism associated with neglecting a post-peak reduction in soil restraint and assuming independent orthogonal components of soil restraint is typically acceptable. However, for situations where the vertical component of ground displacement is greater than the depth of cover over the pipeline, a substantial reduction in soil restraint is likely as soil sloughs off of the top of the fully-exposed pipeline and as the pipeline breaks through the ground surface. Neglecting this effect is overly conservative and can lead to impractical and excessive design alternatives.
The design of pipelines to withstand the effects of large reverse fault displacements warrants inclusion of improved soil restraint boundary conditions that account for the reduction of vertical soil restraint as the pipe ploughs generally parallel to the fault dip plane (obliquely) through the backfill toward the ground surface. Except for a limited work addressing the problem of pipelines crossing faults (e.g., Hsu et al. 2006; Hsu et al. 2001; Jung et al. 2016; Saiyar et al. 2016; O'Rourke et al. 2016) , currently, there is a general absence of public literature relating to oblique soil restraint relationships, particularly relationships that have been validated by appropriate full-scale testing. To alleviate this gap in knowledge, a series of full-scale oblique-displacement pipe-soil interaction model tests have been undertaken at the University of British Columbia (UBC) Advanced Soil Pipe Interaction Research (ASPIRe TM ) laboratory.
The objective of testing at UBC was to evaluate the mobilization of soil restraints on buried steel pipelines subjected to ground displacements (including oblique displacements as described above) and to determine corresponding pipe-soil displacement relationships. Tests were conducted in two different backfill materials, and the results were used to define pipe-soil interaction relationships for a major international pipeline project.
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Experimental aspects
A large soil chamber (2.5m W x 3.8m L x 2.5m H) at the UBC-ASPIRe TM facility as described by (Wijewickreme et al. 2009; Monroy 2013) and shown in Fig. 1 was used to perform large-scale lateral soil restraint tests. The soil chamber allows investigation of the force-displacement relationship of buried pipe configurations subject to axial, lateral, and horizontally oblique loadings. In lateral loading tests, the pipe is aligned parallel to the shorter direction of the chamber, thus requiring the length of tested pipes to be approximately 2.4 m (see Fig. 2 ). The outside-wall of the chamber is fitted with a Plexiglas sheet to allow visual observation of the sectional view of the trench configuration, formation of failure wedges, and movement of pipe test specimens during the tests (i.e., note the front visible side in Fig. 1 ).
The boundary effects associated with the soil chamber during testing had been studied previously by Karimian (2006) during the original design and found to be negligible. The size of the chamber and location of pipe were selected during the design process to allow unhindered formation of displacement zones during lateral soil restraint testing. Displacement zones estimated using analytical and numerical models confirmed the suitability of the selected chamber dimensions. Interface friction between the soil and vertical sidewalls of the box during lateral pipe pullout was minimized by having the back wall lined with stainless steel sheeting and the front wall with Plexiglas material (i.e., material promoting low interface friction with soil). The estimated sidewall friction force was less than 5% of the total soil loads on the pipe (Karimian 2006).
A plan and lateral view layout of the testing chamber used to mimic the vertical oblique displacement associated with reverse-fault displacement is depicted in Fig. 2 . The figure shows the connections made through a sheave system for applying displacements to a buried pipe specimen with a predefined orientation with respect to the horizontal. In particular, the system was designed to subject the pipe D r a f t 6 specimen to displacements oriented in the vertical and horizontal directions as well as at 35° and 45°
angles to the horizontal, the range in fault dip angle for the reverse faults being investigated.
Tests were carried out using a NPS16 (406-mm outside diameter) steel pipe. Two types of soil were used in the tests: (i) uniformly-graded Fraser River sand; and (ii) uniformly-graded crushed limestone. Tests in sand were necessary to provide a basis for comparison with data from unidirectional horizontal and vertical uplift tests, which, in nearly all cases, have been performed in dry or moist sand soils. Crushed limestone was selected because it was expected to be the only practicable backfill alternative for the construction of a reverse fault crossing in an actual project scenario where neither sand or pea gravel was reasonably available. The details of the soil parameters and grain size curves for the two trench backfill materials are presented in Table 1 and Fig. 3 , respectively. The available soil parameters for the wellgraded crushed sand and gravel that was used to represent the pipe trench wall (as described in details in the next section titled "Test Program") are also presented in Table 3 from the viewpoint of completion.
The reported values of effective friction angle (φ′ p ) and dilation angle (ψ) for sand (in Table 1 ) is based on the detailed stress-strain response reported by Karimian (2006) using triaxial tests conducted on Fraser River sand; the triaxial tests were conducted at effective confining stress and sand density ranges that envelope the conditions corresponding to the physical modeling soil-pipe configurations presented in this paper. Due to the relatively large particle size, the tests on limestone were performed using direct shear tests using a 0.3 m x 0.3 m large shear box available from an industry laboratory. The friction angle value for limestone was estimated based on data available from these tests, again, conducted in alignment with the density and effective confining stress ranges used in the testing program. Due to the strain nonuniformities, the ψ value is not meaningfully obtainable from the direct shear test data. As such, it was back calculated using the data from lateral load tests as per O'Rourke et al. (2008) , where the backfill dilation angle is related to the vertical to horizontal ratio of pipe displacement.
The backfill soil was placed in the soil chamber in 200-mm lifts and mechanically compacted using a static roller to achieve the desired target average soil density. The as-placed compaction densities were measured and controlled using a number of methods: (a) direct measurement using nuclear densometer A coupling system consisting of end clamps at each end of the pipe with double-ended hook cables was used for pulling the pipe test specimen. Each cable was connected to a loading system consisting of two double-acting hydraulic actuators (capacity 418 kN) with a load cell mounted on the actuator rod.
Bending of the pipe at this scale was assessed to be negligible due to the high section modulus of the steel pipes used in the testing. Two inclinometers and a set of eight string potentiometers (four per loading cable) were utilized to verify and record the displacements applied along the required inclinations during the testing process. In all tests, the total load per unit length on the pipe was determined by adding the load measured from each load cell and then dividing it by the length of the pipe specimen. Symmetry of the pulling system was verified by controlling the difference in indicated readings from each load cell to be less than 5%.
Karimain (2006) 
Test program
Seven tests conducted using the ASPIRe TM soil chamber to represent pipe displacements occurring perpendicular (lateral) to the pipeline alignment, but at different angles (θ) to the horizontal are presented in this paper: 0° (horizontal), 35°, 45°, and 90° (vertical) . Key test parameters are summarized in Table 2 .
Tests No. 1 through 3 were conducted using sand backfill around the pipe, and Tests No. 4 through 7
were performed with a crushed limestone backfill.
In the tests where pipes were displaced in the horizontal and vertical directions (θ = 0° and 90°, respectively), the horizontal and vertical displacement tests were conducted without a simulated trench as these tests were aimed at providing comparison with past investigations by others in sand backfill and a direct comparison between past sand tests and tests in crushed limestone. Tests No. 2, 5, and 6, where the pipe specimen was subject to displacements oriented at 35° or 45° inclination to the horizontal, were conducted with a configuration that included a trench with sloped side walls representing the trench design for the reverse fault crossings. The trench wall material was selected so that it would simulate a trench excavated in stiff native soil boundary conditions. Compacted 19-mm minus well-graded crushed sand and gravel (often called as "road mulch" in industry practice) was used in this regard to represent the trench wall. The ability to re-use a "fixed" trench wall for multiple tests provided significant cost efficiency since the backfill material and pipes only needed to be replaced, while the built trench remained unchanged between tests.
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The pipe specimens were loaded in a displacement-controlled manner at a rate of 2.5 mm/s in all cases.
During oblique tests, the spatial changes in position of each pair of control points located along the left and right pulling cables was calculated from the recordings of the string potentiometers. This data provided the basis to confirm that the pipe remained in an orientation perpendicular to the direction of applied displacement.
A key part in addressing the objectives of this paper is the evaluation of the soil force development on the pipes during the tests. As mentioned previously, Tests No. 2, 5, and 6 were conducted with a configuration simulating a pipe buried in a trench excavated in stiff native soil boundary conditions, and 45° buried in a trench configuration identical to that used for the Tests No. 2, 5, and 6, but with the trench slopes lined with different geotextiles. In some of these tests, the pipe trench was lined using two layers of geotextiles before the backfill was placed around the pipe. When the results from these geotextile-lined tests were compared with those conducted without geotextile lining, it was found that the soil restraint developed in tests with and without geotextile lining were very similar. This observation suggested that the failure wedges in these tests did not extend far enough to mobilize the geotextile D r a f t interface with the lower friction angle; this inference was also corroborated by evidence from the visual observations of failure wedges through the transparent face of the soil chamber. The evidence that the soil-pipe response is not affected by the presence of the trench in these inclined lateral pipe displacement tests (i.e., where the pipes were obliquely pulled with θ = 35° and 45°), suggested that the data from Tests
No. 2, 5, and 6 (with the presence of the trench) would justifiably qualify for use along with the results from Tests No. 1, 3, 4, and 7 in the present assessment.
Test results from this work are presented in terms of normalized values of oblique lateral soil restraint in the direction of displacement, N θ as per below:
where P θ is the measured lateral load on the pipe due to oblique pipe movement, γ is the effective unit weight of the backfill, D is the pipe diameter, H is the height of soil over the pipe spring line, and L is the pipe length. This approach is identical to the approach to define N qh and N qv, commonly defined 
Results of soil restraint tests for pipes buried in sand backfill
The N θ versus pipe displacement responses observed for three tests conducted with an NPS16 pipe specimen buried in moist sand with an overburden ratio (H/D) of 1.6, and with pipe displacements interaction is characterized by an initially stiff response followed by a gradual softening prior to N θ reaching a maximum plateau value.
For the Test No. 1, the value of N 0° (=N qh ) reached a maximum value of about 7.8 (32.9 kN/m) when the pipe displacement was around 0.25D. Due to test set up limitations during this test, some interruptions to the loading process were necessary, in turn, leading to the "loading and unloading" pulses that can be seen in Fig. 4(a) . However, the observed soil restraint upon reloading still seems consistent with the curve arising from the uninterrupted part of the test. Although not repeated herein for brevity, similar results have been observed in tests conducted using the same facility by Karimian (2006) 3 is shown in Fig. 4(c) . A vertical pulling displacement of approximately 1.0D was applied to the pipe. 
Results of soil restraint tests for pipes buried in crushed limestone
Normalized purely horizontal soil restraint-displacement response, N 0°, for Test No. 4 is shown in Fig.   4(d) . From the results presented in Fig. 4(d) , it can be observed that the peak normalized soil restraint was about 2.3 and occurred at a value of displacement of approximately 0.1D. At a displacement of 0.2D, the vertical soil restraint had reduced to 50% of the peak value. For displacements greater than 0.2D, the vertical soil restraint continued to decrease to a value of about 25% of the peak value at a displacement of 0.8D.
Discussion -results of soil restraint tests
A summary of the results obtained during this experimental program is given in the Table 3 . Firstly, the difference in the observed levels of peak soil restraint for the two materials can be attributed to the differences in their frictional properties (see Table 3 for the significant difference in the friction angles). for the purposes of evaluating pipeline response to lateral ground displacements as it leads to a higher rate of pipe deformation with ground displacement.
The rates of change in vertical soil restraint with pipe displacements after peak may be related to the particle size distribution of the different backfill materials. The rate of post-peak load reduction (with respect to pipe displacement) for tests in sand is less than that for tests in limestone with equal geometric conditions. The ability of crushed limestone particles to flow more easily around the pipe (due to the lack of suction from moisture in the moist Fraser River sand), and therefore, reduce the soil mass existing above the pipe may explain the higher rate of post-peak load reduction (Wijewickreme et. al. 2014 ).
Even though the number of tests were limited, they are sufficient to draw very useful conclusions regarding the general trends in oblique soil restraint for the two types of soil material tested. Variations of N θ with the vertical oblique angle (θ) derived from the above tests on NPS 16 pipes are illustrated in Fig. 
for uniformly graded moist sand (MS) and uniformly graded crushed limestone (LS).
For both the backfill cases tested, the difference in peak normalized soil restraint is negligible for the two soil types for vertical oblique angles greater than about 35° to 45 o . However, at oblique angles less than about 35°
(more horizontal), the normalized soil restraint for the two materials are considerable different with the crushed limestone producing much higher soil restraint.
Comparisons with other research findings
Two comparisons are made with previous research related to oblique vertical soil restraint on buried pipelines: the relationship between oblique restraint and inclination angle proposed by Nyman (1984) and the theoretical solution proposed by Hsu (1996) .
Nyman (1984) 
where:
P oblique = maximum oblique soil restraint P uplift = maximum soil restraint in the upward direction P horizontal = maximum soil restraint in the horizontal direction Nyman (1984) based values of P uplift and P horizontal on work by Vesic (1971) and Audibert and Nyman (1984) , respectively. Rearranging equation [5] to be consistent with the definition of an oblique angle in this paper and recognizing the variation in soil restraint force is the same as a variation in Nq, equation [5] can be expressed as shown in equation [6] . 
The variation in oblique soil restraint described by equation D r a f t Nyman (1984) and Hsu (1996) propose a theoretical force equilibrium solution based upon work on inclined plate anchors by Meyerhof (1973) , the only difference being the way soil weight within the zone occupied by the top of the pipe is treated (see Fig. 7 ). Using the approach recommended by Hsu, the oblique force can be determined by finding the value of ω that minimizes the value of P u given by equation [7] .
( )
W, R 1 , α, and ω defined in Fig. 7 . φ = internal friction angle P u = maximum soil restraint felt by the pipe during oblique pipe movement A key challenge in applying equation [7] is related to the computation of the value of force R 1 , which would also be governed by the appropriate ratio of horizontal soil stress to vertical effective soil stress. Hsu (1996) suggested the use of an "at rest" soil condition for computing R 1 for α values less than about 20°, as the amount of lateral soil displacement is small, and the active pressure for larger α values. The use of an "at rest" value also led to calculations of soil restraint consistent with his test results in loose sand with an internal friction angle of 33°, a unit weight of 15.2 kN/m 3 , and a relative density of 21%.
In the present work, the use of equation [7] with an "at rest" soil stress value for determining R 1 , theoretical oblique soil restraint values were computed for the soil properties of the UBC MS and LS tests. The results are plotted in Fig. 8 , along with the UBC data points. Again, it is noted that the curves have been drawn to assist understanding the trends; as such, the actual curve should be used with caution.
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The theoretical approach from Hsu (1996) compares favorably with the limited UBC data for values of θ less than about 60° (or α >30°); the predicted values when θ is at 90° (or α = 0°) have a slightly poorer match with the experimental results. The significant effect of soil friction angle (i.e., difference between sand and limestone soil types) observed in UBC experiments for lower values of θ, where the direction of pipe movement is closer to the horizontal direction, is well captured by the theory. The similarity in oblique soil restraint for the two materials for values of θ ≥ 35° also seems to be well captured.
Considering that the theory is based on soil block movements along an assumed failure surface, finite element or finite difference numerical analysis that has the ability to model the soil stiffness effects in a continuum basis should be considered for arriving at more robust assessments. The work undertaken by Jung et al. (2016) 
Conclusions
A series of full-scale pipe soil interaction model tests were undertaken at the University of British Columbia (UBC), Vancouver, British Columbia (BC), Canada, to evaluate the mobilization of soil restraints on buried steel pipelines when subjected to oblique ground displacements. The availability of data from full-scale soil-pipe interaction tests on relatively larger diameter pipes is scarce mainly due to high costs in experimentation and the lack of testing facilities. In this context, the tests conducted at UBC to simulate the performance of an NPS 16 (~ 400-mm outside diameter) pipe specimens buried in two different trench backfill materials (uniformly graded moist sand and uniformly graded crushed limestone) D r a f t provided a unique data set to evaluate soil spring characteristics for numerical modeling of soil-pipe interaction in pipelines subject to oblique ground movements. While the test program was focused on supporting the design of pipeline crossings of reverse faults, the experimental results were sufficient to draw very useful conclusions regarding the variation in oblique soil restraint with relative displacement between the pipe and soil and the general trends for the two types of soil material tested.
The peak normalized oblique soil restraint (N θ ) values for θ = 0° (horizontal pipe movement) and θ = 90°
(vertical pipe movement) estimated based on PRCI (2009) using the effective soil friction angle (φ′ p )
values obtained from material-specific laboratory element testing were found to be in reasonable agreement with those directly measured from full-scale soil-pipe interaction chamber testing. The significant effect of φ′ p (i.e., difference between sand and limestone soil types) on the magnitude of N θ was observed in the experiments for lower values of θ where the direction of pipe movement is closer to the horizontal direction; on the other hand, the N θ was found to be less sensitive to the soil friction angle when the values of θ increases beyond about 35°.
The tests also revealed that there is a significant reduction of the oblique soil restraint with increasing pipe displacements after reaching a peak N θ value, particularly for the cases where pipe displacements occur with θ values greater than about 35°. The rates of change in oblique soil restraint with pipe displacements after the peak appeared to be related to the particle size distribution of each backfill material. The soils having uniform particles that can potentially "flow" more easily around the pipe (such as the nature of uniform graded crushed limestone) seem to have increased peak load reduction tendency with increasing pipe displacements compared to soils with smaller particles (e.g., moist sand).
The experimental findings for N θ compared reasonably well with the theoretical equations recommended by Hsu (1996) (1984) and Hsu (1996) . 
